Neonatal diarrhoea is a major cause of morbidity and mortality in calves during the first three weeks of life, resulting in considerable economic loss. Aetiological agents include enterotoxigenic Escherichia coli, Salmonella spp, rotavirus, coronavirus and Cryptosporidium parvum, mixed infection being common1-3. As in other species, the cardinal biochemical features of calf diarrhoea are hypovolaemia, hyponatraemia, pre-renal failure and metabolic acidosis-8. There is no relationship between severity of dehydration and acidosis7.
In previous studies7'8, acidosis was found to be widespread and severe amongst diarrhoeic suckler calves, and collapsed calves requiring intravenous fluid therapy (IF) were more severely acidotic than those manageable by oral fluid therapy. Calves less than 6 days old were less acidotic than older calves (Figure 1 ). Recording similar observations, Naylor4 postulated that the age-related difference in severity of acidosis might be explained in terms of susceptibilities to enteric pathogens: the younger calf is likely to be affected by enterotoxigenic E. coil, with consequent rapid dehydration, reduced tissue perfusion and production of lactic acid by the tissues together with intestinal loss of bicarbonate, whereas the older calf is more prone to pathogens such as rotavirus which result in malabsorptive diarrhoea, colonic overload and increased production and absorption of volatile fatty acids. In either case low renal perfusion, with reduced excretion of hydrogen ions, would worsen the acidosis9.
DIAGNOSIS OF METABOLIC ACIDOSIS
While dehydration in the calf can be diagnosed and quantified clinically, diagnosis of metabolic acidosis requires the measurement of plasma bicarbonate concentrations. Use of a blood gas machine is beyond the scope of most veterinary practices in the UK, but the Harleco apparatus represents an affordable method. This apparatus measures the total CO2 (TCO2) liberated from a blood sample by addition of strong acid. Nearly all this CO2 is derived from bicarbonate rather than blood C02, thus total C02, despite its name, is a good measure of blood bicarbonate and hence metabolic acidosis9. Groutides and Michell10 found that the Harleco apparatus gave reasonably precise and accurate With the Harleco apparatus severity of metabolic acidosis in the calf may be classified as in Table 1 .
ORAL FLUID THERAPY
As a rule, the diarrhoeic calf that can stand should receive oral fluids; otherwise, intravenous fluid therapy is desirable. Thus oral fluid therapy by the farmer is usually the first line of treatment. Fluids are generally administered twice daily via teat or stomach tube in amounts of 1.5-2.5 L, unlike the little-and-often regimen used in human medicine. Most of result in pooling of solution in the abomasum, with eventual death unless intravenous therapy is instigated. In calves oral replacement solution is usually given in fixed amounts (e.g. 2 L twice daily) whereas in human losses via the faeces and vomitus. The latter approach is undoubtedly superior.
INTRAVENOUS FLUID THERAPY
Intravenous fluid therapy of diarrhoeic calves has been slow to gain popularity in veterinary practice because of perceived practical difficulties and cost. However, these are easily overcome, first by hospital admission and secondly by preparing fluids on the premises rather than purchasing them. Such fluids are non-sterile but the risks associated with their use are negligible compared with those of non-treatment.
I have developed a protocol for intravenous therapy based on the use of the Harleco apparatus both for diagnosing and quantifying acidosis before therapy and for monitoring acid-base status during therapy. Calves presented for intravenous therapy are invariably acidotic, most of them severely, and rehydration with balanced electrolytes is insufficient. Therapy of such very severely acidotic calves involves initial administration of either up to 5 L of isotonic volume-expanding solution (Na+ 144mmol/ L, K+ 4mmol/L, Cl-113mmol/L, HCO-35mmol/L) spiked with 400mmol NaHCO3, or up to 5 L isotonic sodium bicarbonate (1.3%). This initial therapy is given over 3-8 hours (30-80 mL/kg/h) during which period serial Harleco readings are taken. The objective during this period is to half-correct the bicarbonate deficit. After this initial therapy the volume-expanding fluid is administered, total usually 10-20 L over 36-48 hours. Less severely acidotic calves (TCO2 > 8 mmol/L) are treated with isotonic volume-expanding fluids only, without additional bicarbonate. Milk feeding is reintroduced as soon as a suck reflex is present, to minimize energy deficits and reduce the impact of hypocalcaemia.
Bicarbonate requirements may be estimated as normal TCO2 minus measured TCO2 x bodyweight x apparent volume of distribution of bicarbonate (AVD). AVD is usually taken as between 0.3 and 0.5, representing the extracellular fluid volume plus an arbitrary allowance for intracellular buffering9 but can be higher in severe acidosis16. It may exceed 1.0 in very severe acidosis, as in cholera in man17. In severely acidotic diarrhoeic suckler calves treated by me, the mean AVD is greater than 1.5, so the assumption of an AVD of 0.5 would result in gross underdosing. These AVDs are of considerably greater magnitude than those obtained by other workers treating diarrhoeic calves18'19. This may reflect a differing pathogen distribution, particularly in the case of Groutides who used calves experimentally infected with enterotoxigenic E. coli. Some of this large bicarbonate requirement could reflect continuing bicarbonate loss in the faeces. Analysis of anion mixed high-anion-gap acidosis was present, indicating that both bicarbonate loss and acid production were taking place. Further analysis suggested no contribution from endogenous lactate production, so the most likely source of acid was fermentation in the colon. This ongoing colonic acid production together with intracellular buffering could account for the high AVDs. Whilst measurement of TCO2 allows diagnosis of a severe acidosis it does not (in these calves at least) allow estimation of the total amount of bicarbonate required in any individual calf; this can be ascertained only by serial TCO2 readings during therapy.
Although these data suggest that ongoing acid production and very high AVDs are a feature of diarrhoea in the beef suckler calf, it would be unwise to extrapolate to calves kept under different systems of management such as dairy calves receiving milk-replacer twvice daily. The colonic flora is likely to vary greatly between calves under differing management systems and this will affect acid production in malabsorptive diarrhoeas. If the colon is indeed an important source of acid then colonic acid production could be a future therapeutic target in calf diarrhoea.
Risks associated with parenteral administration of bicarbonate include paradoxical acidosis, overshoot acidosis and iatrogenic hypocalcaemia. In the absence of data derived from calves, we can only speculate as to whether these are real or imaginary risks. However, calves under my care have developed tetanic convulsions during intravenous alkalinizing therapy and have responded to intravenous calcium borogluconate. An ongoing study has demonstrated that both total and ionized calcium concentrations fall precipitously during therapy with sodium bicarbonate (Grove-White DH, unpublished), so calcium supplementation during alkalinizing therapy may be advisable. However, calcium salts should not be added to bicarbonate-containing infusions because of formation of insoluble calcium carbonate, so must be given by other routes.
Risks can be lessened by aiming for slow half-correction of the bicarbonate deficit over 8-24hours. This may seem rapid compared with medical protocols. In part this is due to the necessity to return the calf within 48 hours, otherwise it may not be accepted back by its mother. CONCLUSIONS Acidosis is a major therapeutic target in treatment of the diarrhoeic calf. Rehydration alone can be insufficient to correct a severe acidosis even when the oral replacement solution contains large amounts of base precursor. Such cases require parenteral bicarbonate. In this respect the diarrhoeic calf seems to differ from the diarrhoeic child. Perhaps colonic production of acid is an important mechanism in the diarrhoeic calf. Whilst oral fluids are highly effective in correcting dehydration and hyponatrae-mia, correction of severe acidosis remains problematic. We have unpublished evidence that hypertonic oral replacement solutions containing high concentrations of glucose socalled 'nutritional ORSs'20 are more effective at correction of metabolic acidosis than WHO-type solutions containing additional base. This could be related to the effects of such solutions on renal function21.
Safe alkalinizing therapy is possible only if acid-base status can be monitored before and during therapy. In veterinar)r practice, the Harleco apparatus is ideally suited to this purpose. It is accurate, cheap to purchase and use, rapid in use, portable and hand operated. It is rapidly gaining acceptance in veterinary practice in the UK and might have great potential for paediatric use in developing countries where childhood diarrhoea continues to claim many lives.
